We have shown previously by Southern blot analysis that Bov-B long interspersed nuclear elements (LINEs) are present in different Viperidae snake species. To address the question as to whether Bov-B LINEs really have been transmitted horizontally between vertebrate classes, the analysis has been extended to a larger number of vertebrate, invertebrate, and plant species. In this paper, the evolutionary origin of Bov-B LINEs is shown unequivocally to be in Squamata Long interspersed nuclear elements (LINEs) or non-long terminal repeat retrotransposons are interspersed in all eukaryotic genomes so far studied and appear to include a few active elements and a large number of 5Ј truncated and nonfunctional copies (1). These elements have quite a narrow distribution and are mostly genus-, family-, order-, or classspecific, like LINE-1 elements in mammals (2). The only example of a LINE family with phylum-wide distribution is the vertebrate CR1-LINEs (3). The mammalian LINE-1 (4) and arthropod R1 and R2 elements (5, 6) are stable components and have been maintained by vertical transmission in their genomes throughout the entire history of mammalian and arthropod lineages. Recently, several reports raised the
Long interspersed nuclear elements (LINEs) or non-long terminal repeat retrotransposons are interspersed in all eukaryotic genomes so far studied and appear to include a few active elements and a large number of 5Ј truncated and nonfunctional copies (1) . These elements have quite a narrow distribution and are mostly genus-, family-, order-, or classspecific, like LINE-1 elements in mammals (2) . The only example of a LINE family with phylum-wide distribution is the vertebrate CR1-LINEs (3). The mammalian LINE-1 (4) and arthropod R1 and R2 elements (5, 6) are stable components and have been maintained by vertical transmission in their genomes throughout the entire history of mammalian and arthropod lineages. Recently, several reports raised the possibility of the horizontal transfer of transposable elements between species (7). The most striking examples of potential horizontal transfer include two transposons, P element (8, 9) and mariner (10) . The latter is phylogenetically the most widely distributed transposable element in animals (11) . In contrast to the transposons, however, the short interspersed nuclear elements (12) and LINEs are not usually transferred horizontally during evolution (5, 6) .
The Bov-B LINE originally was described as an orderspecific short interspersed nuclear element, called ART-2 retroposon, in Bovidae genomes (13, 14) . It later was found to be specific for the suborder Ruminantia (15, 16) . Subsequently, longer members of Bov-B LINEs were isolated from the bovine genome and confirmed to be LINEs (17) (18) (19) . Unexpectedly, highly conserved Bov-B LINEs have been detected in some Vipera ammodytes phospholipase A 2 (PLA 2 ) genes and in the Viperidae snake genomes. Horizontal transfer of these elements between two evolutionary distant vertebrate classes by a common parasite was proposed as the most plausible explanation of their distribution (20) (21) .
Although, in the GenBank database, the large number of truncated Bov-B LINEs are found only in Bovidae species, relatively little is known about their distribution in vertebrates and invertebrates, about their variability within and between different species, and about the molecular evolution of these LINEs in ruminants and, specifically, in reptiles. A better understanding of the evolution of Bov-B LINEs requires more data on the extent and patterns of molecular variation within this LINE family. At present, only four such truncated elements have been found in four genes of three viperid snake species (21) , and no other reptile species have so far been investigated. In this report, we present an extensive study of the distribution and evolution of Bov-B LINEs in reptiles. Isolation of Genomic DNA. Frozen or lyophilized liver or coagulated blood (stored in ethanol) from different vertebrate samples was used for genomic DNA isolation by the standard proteinase K͞SDS method (22) . Tails from the museum specimens of Lacertidae lizards and some snakes, preserved in ethanol͞glycerol, were used for genomic DNA isolation by the standard proteinase K͞SDS method, followed by Geneclean purification. For the invertebrate samples, we used whole specimens caught in the wild.
MATERIALS AND METHODS

Species
PCR Amplification of the 3 End of Bov-B LINEs. All experiments were performed in parallel with negative and positive controls. Different rooms, reagents, equipment, and positive displacement pipettes were used, according to the general precautions for PCR performance. Amplification of the 3Ј end of Bov-B LINEs was performed on 1 g of genomic DNA from each species by using primers (Ϸ550 bp apart) REP sense 5Ј-ATCGGAATTCTTGCGAAGTCGTGTCCGAC-3Ј and REP antisense 5Ј-ATCGGAATTCGCTCCAAGAT-CACCGCAGA-3Ј in a 100-l volume of 10 mM Tris⅐HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 M each dNTP, 0.5 M each oligonucleotide, and 2.5 units of AmpliTaq polymerase (Perkin-Elmer). After an initial denaturation step of 5 min at 95°C, the PCRs were subjected to 30 cycles of amplification consisting of 1 min of denaturation at 95°C, 1 min of annealing at 60°C, and 1 min of extension at 72°C, with the 5-min final extension at 72°C, by using a Perkin-Elmer͞Cetus thermocycler TC1. The second set of primers LIZ sense 5Ј-ATCGAATTCATCTCATCCTCTGTCGT-3Ј and LIZ antisense primer 5Ј-ATCGAATTCCCAGTAGTAATGTATGG-3Ј(Ϸ310 bp apart) was used for PCR amplification under the same conditions as described above. Both primer sets were used also at a lower annealing temperature (50°C). Ten microliters of each reaction solution containing the amplified DNA fragments was electrophoresed on a 1% agarose gel, stained with ethidium bromide, and visualized with UV light.
Cloning and Sequence Analysis. PCR products were separated on 1% agarose gels, purified by Double Geneclean (BIO 101) procedure, digested with EcoRI, and cloned into pUC 19 vector. Cloning and plasmid mini preparations were performed by standard methods (22) . The inserts were sequenced on both strands with a T7 sequencing kit (Pharmacia). Computer-based nucleotide and protein searches of the GenBank databases with reptilian Bov-B LINE sequences were performed with the different BLAST (23) search programs of the NCBI accessed through the BCM Search Launcher. Relevant EMBL databases were searched with the FASTA3 program (24) .
Phylogenetic Analysis of Bov-B LINEs. The Bov-B LINE sequences were aligned by using the CLUSTAL W multiple alignment program version 1.6 (25) with some manual refinements. All sites were included in all analyses. By using the PHYLOWIN (26) , TREECON (27) , and MEGA (28) programs, we established evolutionary distance matrices in pairwise comparisons by using all available distance algorithms. Phylogenetic trees were inferred by using the neighbor-joining (NJ) method (29) as implemented in PHYLOWIN, TREECON, and MEGA (26) (27) (28) . Consensus maximum parsimony (MP) (30) and maximum likelihood (ML) (31) trees were inferred by using the PHYLOWIN (26) program. The significance of the various phylogenetic lineages was assessed by bootstrap analysis. The phylogenetic analyses were performed on a complete data set of 39 Squamata Bov-B LINE sequences, whereas for a simplified presentation, a reduced data set comprising 10 reptilian species-consensus sequences was used.
The nucleotide composition of the Bov-B LINEs was assessed by using the PHYLOWIN program (26) . Transition͞ transversion ratios were derived from pairwise comparisons between all sequences by using the same program. All trees were unrooted. Several potential outgroups were tested, and Podarcis lizard was selected as a natural outgroup because the phylogenetic trees were in accord with the species phylogeny and taxonomy. Gaps in aligned sequences were removed for the purpose of analysis.
RESULTS
Distribution of Bov-B LINEs.
The discovery of a truncated Bov-B LINE in the fourth intron of the two Vipera ammodytes PLA 2 genes (20, 21) prompted a more extensive investigation of their distribution among vertebrates. We have expanded our search for snake LINEs to a further 44 reptilian species (Table  1) and to some representatives of vertebrates, invertebrates, and plants. Bov-B LINEs were amplified by PCR by using primers complementary to conserved sequences, encoding the 3Ј part of the reverse transcriptase, derived from the Bov-B LINEs of V. ammodytes and Bovidae (Fig. 1) . The truncated Bov-B LINE in V. ammodytes PLA 2 genes (20, 21) is inserted in an antisense orientation. Under normal stringency reaction conditions the, REP primers yielded a product from all snakes and most of the Lacertidae lizards, and REP and LIZ primers yielded at a lower annealing temperature (50°C), a product in some further lizard species belonging to the infra-orders Gekkota (fam. Gekkonidae) and Scincomorpha (fam. Teiidae). Neither primer set amplified a product from the Diploglossa lizard or from more distantly related turtles and The Squamata Bov-B LINEs in particular species are approximately equally divergent (1.62-7.38%) from their consensus sequences. A large proportion of these site differences were nucleotide substitutions, although insertion polymorphisms ranging in size from 1 to 3 bp and deletion polymorphisms from 1 to 10 bp also were observed.
Alignment of Bov-B LINEs from lacertid lizard, Boidae, Bovidae, and evolutionarily younger snakes (Viperidae Elapidae and Colubridae) (Fig. 2) shows some nucleotides shared only between Podarcis lizard, Python, and Bovidae, indicating the shared ancestry for these elements.
Genetic Distances. Evolutionary distances (mean number of substitutions per site) between pairs of Bov-B LINEs were estimated according to all available distance methods. The observed proportion of Kimura two-parameter genetic distances (32) is shown in Table 2 . Intra-species distances were generally low, based on calculated distance values between multiple copies from a single species such as V. ammodytes (0.0257-0.0728), and are similar to those in V. ammodytes PLA 2 introns (0.0163-0.0333) (D.K., unpublished work). Inter-species variability in evolutionarily younger snakes was also low. The highest variability was found in evolutionarily older snakes (Boidae), lacertid lizard, and Bovidae. The genetic distances range from 0.0292 to 0.5185, with the highest sequence divergence being exhibited between the Boidae and evolutionarily younger snakes. The highest pairwise sequence divergence was found between Python and Natrix at 0.5185.
Phylogenetic Analyses. To determine the relationships of the Bov-B LINEs between mammals and reptiles, the nucleotide sequences were subjected to phylogenetic analysis by using NJ (29) , MP (30), and ML (31) algorithms. Added to these 39 Squamata sequences were four randomly selected sequences of Bov-B LINEs from the Bovidae and one from Cervidae. Bov-B LINE sequences from the lacertid lizard Podarcis muralis were used to root the Bov-B LINE sequences. Because the level of sequence divergence within each species was insignificant compared with that between species, either a consensus or a single Bov-B LINE sequence was used to represent the elements of each species. Both sequence data sets produced closely similar branching of the trees. To take into account different models of evolutionary change, several separate distance matrices were used in the NJ analysis. The topologies of NJ phylogenetic trees and relative branch lengths using the different distance matrices were similar to those of the Kimura two-parameter based NJ tree (Fig. 2) . In the most parsimonious reconstruction of the relationships among reptilian and mammalian Bov-B LINEs, with lizard Podarcis as an outgroup, the Bov-B LINEs fall into the three major clades: ancestral lineage of snakes (Boidae), mammals (RuminantiaBovidae), and evolutionarily younger snakes (Colubroidea).
DISCUSSION
The Distribution of Bov-B LINEs. Knowledge of the distribution of Bov-B LINEs has been limited to the Ruminantia and Viperidae snakes (15, 16, 21) . Here, we present a broader insight into the evolutionary history of Bov-B LINEs and their distribution within eukaryotes (vertebrates, invertebrates, and plants). By PCR amplification, Bov-B LINEs were detected in all the snakes tested, from the earliest ancestral lineage represented by Typhlopidae and Boidae to the evolutionarily younger snake families Viperidae, Elapidae, Hydrophiidae, and Colubridae. Surprising to note, they were found also in the suborder Sauria (lizards), in representatives of the infra-orders Scincomorpha (Lacertidae, Teiidae), and in Gekkota (Gekkonidae) ( Table 1) . In contrast to snakes, not every lizard species that was examined had a Bov-B LINE. Nine of 13 species of the Lacertidae and three lizard species belonging to Teiidae and Gekkonidae contained a Bov-B LINE. Lizards from the third infra-order Diploglossa also were tested but were negative by PCR analysis. Representatives of the two remaining lizard infra-orders Iguania and Platynota, as well as from the order Rhynchocephalia (tuatara) and suborder Amphisbaenia, were not available for testing. Bov-B LINEs appear within the Squamata but not in any species tested from the evolutionarily much older turtles and crocodiles (Table 1) . Thus, we may conclude that the origin of Bov-B LINEs pre-dated all of the major Squamata radiations. The absence of Bov-B LINEs in some lizard species could be due to the use of museum samples or to their being lost from these species, as found for P elements in Drosophila (7, 33) .
Additional support for the restriction of Bov-B LINEs to Ruminantia and Squamata was provided by a careful examination of vertebrate sequences, including fish (zebrafish, Danio rerio), amphibians (Xenopus), birds (chicken), and a number of other mammals (human, mouse, rat) and invertebrates in the GenBank and RepBase and relevant EMBL databases. The Bov-B LINEs are abundant in Ruminantia (15, 16) and Squamata (21) genomes, so their presence in other vertebrates and invertebrates should have been found in the databases. By searching RepBase, GenBank, and EMBL databases, we found no evidence for the presence of Bov-B LINEs outside Squamata and Ruminantia except the four snake genes, which provide therefore an independent proof of their presence (21) .
Horizontal Transfer of Bov-B LINEs. The notion of horizontal transfer between reptiles and mammals is a topic of great interest. Here, we have established convincingly the horizontal transfer of Bov-B LINEs on the basis of their discontinuous taxonomic distribution and genetic distances. The degree of similarity (75-80%) of Bov-B LINEs (20, 21) between Squamata and Ruminantia is much higher than would be expected on the basis of their taxonomic position. The common ancestry of Bov-B LINEs is also apparent from the shared nucleotides seen in Fig. 2 , where the same pattern is observed in lizard, Boidae snakes, and Bovidae but not in evolutionarily younger Colubroidea snakes.
The phylogenetic analyses were performed with 39 Squamata Bov-B LINEs. The evolutionary relationships between Bov-B LINEs were examined by the (NJ) (29) , maximum parsimony (MP) (30) , and maximum likelihood (ML) (31) methods. All of these methods, using the Podarcis element as an outgroup, produced closely similar results, as shown in Fig.  3 . The topology of the trees consists of three main branches: Boidae snakes, Bovidae (Ruminantia), and evolutionary younger snakes (Colubroidea). This topology is consistent (except for Bovidae) with the taxonomy of these families. Species from the same family tend to cluster together.
Locating the root of the NJ, ML, and MP trees in lizards involves a smaller number of assumptions compared with the placement of roots along the trees. Our analyses indicate that the lizard Bov-B LINEs are ancestral, and the known distribution of these elements in reptiles supports this observation. The direction of the horizontal transfer from the Squamata to the ancestor of Ruminantia that arose during the Eocene 40-50 million years (My) ago is indicated also by the presence of these elements in Tragulidae (15) , the most ancestral lineage of Ruminantia. The phylogenetic relationships of Bov-B LINEs clearly indicate that these elements have been transmitted horizontally from the ancestor of Colubroidea snakes to the ancestor of Ruminantia because all true ruminants possess this element.
As can be seen from the species compared (Table 2) , there is a marked difference in genetic distances between evolutionarily younger snakes and Bovidae as well as between Bovidae and Boidae and between evolutionarily younger snakes and lizard. Genetic distances within or among the Viperidae, Elapidae, and Colubridae species were relatively small, supporting their relatively recent origin (Miocene). The genetic distances within Squamata Bov-B LINEs are consistent with the phylogenetic distances between them and indicate vertical inheritance of these elements in Squamata. Phylogenetic analysis of reptilian Bov-B LINEs revealed the concordance with the taxonomic classification of host species, and the pattern was consistent with that expected for vertical transmission of a multicopy element during differentiation of the species.
From the present data, it is evident that the presence of Bov-B LINEs in ruminants is the result of horizontal transfer during evolution. However, more precise identification of the donor species of the Bov-B LINEs would require a survey of many more species and even than may not be certain. Snakes are only one candidate for donor species, and we cannot exclude the possibility that there may be another donor species.
Many studies of horizontal transfer of transposable elements have been conducted, mostly within the genus Drosophila and plants (reviewed in ref. 7) . The most convincing evidence for the horizontal transfer of transposable elements has come from studies of the mariner element (10, 11) . It is obvious that horizontal transfer is quite common in DNA-based transposons, like mariner (10, 11) and P element (8, 9) . In contrast, (Fig. 3) , suggesting that amplification of Bov-B LINEs arose independently in each species studied. Although our data do not provide direct evidence for the association of Bov-B LINE amplification and speciation, it is quite possible that amplification of Bov-B LINEs was involved in the speciation of the Squamata and Ruminantia species. We conclude that Bov-B LINE amplification probably began after the radiation of the order Squamata and was especially active in the snake species. Most snake Bov-B LINEs have been amplified recently, as evidenced both by the species specificity in most cases and by the relative homogeneity of these sequences. The widespread distribution of Bov-B LINEs in Squamata shown in this study is a result of the stability of an active family of elements within each lineage. The stability of Bov-B LINE master genes in each lineage is evident from their phylogenetic relationships. The phylogenies of the Bov-B LINEs from different species of the same family are consistent with the species͞family phylogeny and are resolved easily from the Bov-B LINEs of other families.
CONCLUSIONS
The appearance of Bov-B LINEs in Squamata must have occurred long ago because these elements are present in the genomes of all of the snakes tested and in representatives of two (of five) lizard infra-orders (Gekkota and Scincomorpha).
In snake genomes, Bov-B LINEs are still transcriptionally active as indicated by their recent retrotransposition in the V. ammodytes PLA 2 gene locus, where they appeared Ϸ5 My ago (21) . The major amplification of reptilian Bov-B LINEs must have occurred during the Mesozoic Ϸ140-210 My ago. This is consistent with their presence in two lizard infra-orders (Scincomorpha and Gekkota) and in the oldest snake lineages (Typhlopidae and Boidae) and with the fossil records that indicate that the representatives of the order Squamata can be traced back to the Jurassic, also Ϸ140-210 My ago (34) . Their restricted presence in Ruminantia and in Squamata is estimated to be as old as the orders themselves. The recognition of the distribution, evolutionary relationships, and horizontal transfer of Bov-B LINEs from ancestral Squamata lineage to the ancestor of Ruminantia now paves the way to a deeper understanding of the horizontal transfer (7, 33) of LINEs in vertebrates (18, 21) .
